Lupus-prone (NZB ؋NZW
S ystemic lupus erythematosus (SLE)
3 is characterized in part by autoimmunity to DNA (1) , as well as other nuclear autoantigens (2) . A consistently elevated anti-DNA Ab titer is a major diagnostic criterion in clinical assessment of potential SLE patients. In accordance, IgG anti-DNA Abs have been found deposited in the glomeruli of diseased human kidneys (3, 4) and, when eluted, exhibit specificity for dsDNA. (NZB ϫ NZW)F 1 (BWF 1 ) mice are the classic animal model for SLE and closely mimic the human autoimmune disease with respect to autoantibody production, sex distribution, and the pathology of lupus nephritis (5, 6) . BWF 1 mice spontaneously develop Abs to dsDNA, as well as other nuclear autoantigens, that contribute to severe glomerulonephritis and premature death at 8 -10 mo. Autoreactive anti-DNA B cells are present in the periphery of both autoimmune and nonautoimmune mice (7) and can be activated to produce anti-DNA Ab (8) ; however, in BWF 1 autoimmune mice, the spontaneous activation of anti-DNA B cells is sustained (9, 10) . The autoimmune response to DNA in BWF 1 mice has all of the characteristics of an Ag-driven, clonally selected, secondary immune response (11) . The relevant immunogen for the Ag-driven autoimmune response must be DNA, structures that contain DNA, or, alternatively, structures on apoptotic cells or blebs that bind anti-DNA (12) . Anti-DNA Abs with the same structural and pathogenetic characteristics as autoimmune anti-DNA can be induced by deliberate immunization (13) or virus inoculation (14) but only transiently. Induced autoimmunity to DNA in nonautoimmune mice is characterized by low autoantibody titers and lack of a true memory B cell response (15) . Thus, it is apparent that self-reactive B cells in normal mice are under active, negative regulation. The high titers of anti-DNA, as well as other autospecificities seen in BWF 1 mice, indicate that a breakdown in normal immunological tolerance to self has occurred. Several regulatory mechanisms control self-reactive B cells including deletion (16, 17) , anergy (18, 19) , and receptor editing (20 -23) .
To better understand how tolerance to DNA is lost in autoimmune-prone BWF 1 mice and more closely dissect the development of the autoimmune anti-DNA response, NZW and NZB mice transgenic (Tg) for different rearranged anti-DNA V H and V L genes, respectively, were generated by backcross breeding. NZW mice inherited either the rearranged V H gene from the 3H9 anti-DNA hybridoma (V H 3H9) (24) or the rearranged V H gene from an anti-(4-hydroxy-3-nitrophenyl)acetyl (NP) Ab, H50G (V H NP) (25) . V H 3H9 was inherited as either a site-directed J H knock-in (3H9R) (26) or a conventional, randomly inserted H chain (3H9-) (19) . V H NP was inherited as a H chain conventional Tg (V H NP-) (27) . NZB mice inherited either the rearranged V 8-J 5 of an anti-influenza hemagglutinin Ab as a conventional Tg (28) (V8-) or the rearranged V 4-J 4 from 3H9 as a J knock-in (22) (V 4R). Although the 3H9R V H Tg can be classswitched and the 3H9R and V 4R Tgs can be somatically mutated and replaced by receptor editing, the conventional 3H9-and V8-Tgs cannot be class-switched or edited. V H 3H9 with V8 produces an anti-DNA with ssDNA specificity (29) , V H 3H9 with V4 produces an anti-DNA with dsDNA specificity, and V H NP-V8 yields an Ab with unknown specificity. Previous studies have used BWF 1 mice Tg only for the H chain of an anti-DNA Ab (30, 31) or a knock-in of the V H for an anti-DNA (32) , and each of the previous studies used a different anti-DNA V H Tg. The present study is the first to compare B cell development and anti-DNA Ab production in autoimmuneprone BWF 1 mice Tg for the V H of an anti-DNA Ab inherited either as a J H knock-in or as a conventional H chain Tg. BWF 1 mice Tg for 3H9-or 3H9--V8-produced no anti-DNA even though mice from both Tg groups had normal total serum IgM and IgG and IgG anti-nuclear Ab (ANA). Very little of the serum Ig was derived from the 3H9-Tg, and B cells expressing Tg-encoded IgM a appeared to be anergic. Serum Igs and IgG anti-DNA in V8-and Tg Ϫ littermates were similar to those in normal BWF 1 mice. The majority of B cells expressing IgM a encoded by the 3H9R knock-in, with or without a V 4R encoded L chain, had an anergic phenotype; nevertheless, the respective BWF 1 mice had serum IgM and IgG anti-DNA similar to that in normal, non-Tg BWF 1 mice. The differences in B cell phenotype and Ab production between conventional and knock-in Tg BWF 1 mice offer interesting insight into tolerance and autoimmunity to DNA in these autoimmune-prone mice.
Materials and Methods

Mice
Female NZB and male NZW mice were obtained from Harlan (Indianapolis, IN) and housed in a specific pathogen-free facility at the University of Tennessee Health Science Center, Memphis, TN. V H 3H9- (19) PCR was used to determine the Tg genotype of parental and hybrid F 1 mice (19, 26, 27, 33) Tail clips of 1-2 mm were collected into 50 l of lysis buffer. Proteinase K (Sigma-Aldrich, St. Louis, MO) was added to a final concentration of 0.1 mg/ml; samples were incubated at 56°C overnight and then stored at Ϫ20°C. PCR primer pairs were as follows: 5Ј V H 3H9 sense primer 5Ј-CTGTCGGAACTGCGGTAAGT-3Ј with 3Ј antisense V H 3H9-CDR3 primer 5Ј-CATAACATAGGAATATTTACTCCTCGC-3Ј for V H 3H9-and V H 3H9R, 5Ј sense 5Ј-TCTAGAATTCAGGTCCAACTG CAGCAGCC-3Ј and 3Ј antisense 5Ј-ACGGATCCTGTGAGAGTGGT GCCT-3Ј for V H NP, 5Ј V leader sense primer 5Ј-GGTACCTGTGGGGAC ATTGTG-3Ј and 3Ј J 5 antisense primer 5Ј-AGCACCGAACGTGAGA GG-3Ј for V 8-, and 5Ј V consensus primer 5Ј-GACATTCAGCTGAC CCAGTCTCC-3Ј and 3Ј CDR3 primer 5Ј-GAACGTGAATGGGTAAC CACACC-3Ј for V 4R. ␤ 2 -microglobulin was amplified from all tail clip samples as an internal control for DNA quality with sense 5Ј-CAAGTA TACTCACGCCACCC-3Ј and antisense 5Ј-CCACACAGATGGAGCGTC CAG-3Ј primers. All Tgs except V 4R were amplified using 95°C for 1 min, 55°C for 2 min, and 72°C for 1 min for 39 cycles. V 4R was amplified with 95°C for 1 min, 66°C for 30 s, and 72°C for 1 min for 35 cycles.
Serum Ig and anti-DNA assays
Anti-DNA Abs in mouse sera were measured as described previously (34) . Briefly, ELISA plates (Immunlon I; Dynex Technologies, Chantilly, VA) were coated with 10 g/ml purified, sonicated (0.5-3 kb) calf thymus DNA (Sigma-Aldrich) in PBS. Bound serum Abs in titrated sera were detected with biotinylated mAbs to IgM a or IgM b (BD PharMingen, San Jose, CA) or biotinylated goat anti-mouse IgG or IgM (Southern Biotechnology Associates (SBA), Birmingham, AL) and streptavidin-alkaline phosphatase (SBA). Total serum Ig levels were similarly determined using plates coated with 1 g/ml goat anti-mouse IgM for total IgM a and IgM b or 1 g/ml goat anti-mouse Ig for total IgM or IgG determination. Serum titers are the reciprocal of the dilution that gave 50% maximal binding for the plate. ANAs in mouse sera were detected with acetone-fixed HEP-2 cells (Inova, San Diego, CA). Briefly, HEP-2 slides were warmed to room temperature for 10 min and then incubated with a 1/3 dilution of mouse serum for 30 min in a wet box. Bound Ab was detected with FITC-conjugated goat anti-mouse IgG (SBA). Pooled normal BALB/c mouse serum was used as a negative control. Data were statistically analyzed by ANOVA with Kruskal-Wallis post test for nonparametric and Student-Newman-Keuls multiple comparisons test for parametric data using GraphPad InStat version 3.05 (GraphPad Software, San Diego, www.graphpad.com).
Flow cytometry
Murine spleen and bone marrow cells were collected, blocked with goat and rat IgG (Sigma-Aldrich), both at a final concentration of 0.2 mg/ml, and incubated with one to three fluorochrome-conjugated Abs. 
Results
Longevity and absence of autoimmune disease in Tg BWF 1 mice B cell development and autoantibody production were analyzed in Tg BWF 1 mice that inherited anti-DNA Ab production as a conventional H chain Tg with or without a conventional L chain Tg or a knock-in V H Tg allele with or without a knock-in V Tg allele ( Table I ). As noted above, B cell receptors and Abs encoded by conventional Tgs cannot be edited or isotype switched, but they can be eliminated, presumably as a consequence of attempted editing. B cell receptors and Abs encoded by V H and V knock-in Tgs can be edited, somatically mutated, and isotype switched. V H 3H9 combines with many different L chains to produce an anti-DNA Ab (35) . Mice that inherited both the conventional 3⌯9-H and the V 8-L Tgs were monospecific for an anti-DNA that has c The 3H9-and V H NP-trangenes were inherited as H chains, Igh-6a allele, and cannot be isotype switched or expressed with IgD. 3H9R was inherited as a site-directed V gene replacement and can be expressed with all isotypes.
relatively low affinity for DNA and binds ssDNA but not dsDNA. Mice that inherited both the knock-in 3H9R V H and the V4R V were monospecific for an anti-DNA that binds dsDNA with relatively high affinity. The experiments also analyzed B cell development and autoantibody production in BWF 1 that inherited a conventional H and/or L chain Tg for an Ab with no known DNA or other autoreactivity.
All BWF 1 Tg Ϫ littermates developed autoimmune disease and had life spans similar to those of BWF 1 mice derived from matings of inbred NZB and NZW mice (data not shown). The Tg Ϫ mice produced IgG anti-DNA by 6 mo of age and developed glomerulonephritis with proteinuria and elevated blood urea nitrogen and died by ϳ10 mo of age. V 8-and V4R Tg BWF 1 mice had delayed development of autoimmune disease and prolonged life compared with Tg Ϫ BWF 1 mice. V 8-and V4R Tg BWF 1 mice lived as long as 18 mo unless terminated for experiments. 3⌯9--V8-, 3⌯9-, 3H9R-V4R, and 3H9R Tg BWF 1 mice had no signs of glomerulonephritis detected as proteinuria or elevated blood urea nitrogen up to 1 year of age at which time most were terminated. 3⌯9--V8-Tg BWF 1 mice up to 15 mo of age still had no signs of autoimmune disease. Although V H NP--V8-and V H NP-Tg BWF 1 never had any signs of autoimmune disease, they were highly susceptible to the development of eye infections after retro-orbital puncture for blood collection. The infections were resolved with antibiotics. Susceptibility to infection in V H NP-and V H NP--V8-Tg BWF 1 mice was likely due in part to the absence of isotype switched Ig, e.g., IgA, in those mice (see below).
Tolerance to DNA in conventional 3⌯9--V8-but not site-directed 3H9R-V4R Tg mice
Conventional 3⌯9--V8-and 3⌯9-Tg BWF 1 mice differed remarkably from 3H9R-V4R and 3H9R knock-in Tg BWF 1 mice with respect to the production of Tg-encoded IgM a anti-DNA. Only 2 of 26 3⌯9--V8-and 4 of 16 3⌯9-Tg BWF 1 mice developed detectable serum IgM or IgG anti-DNA even after 9 -12 mo of age ( Fig. 1, B and D) . By 14 mo of age, three of five 3⌯9--V8-and four of four 3⌯9-Tg BWF 1 mice were producing IgG anti-DNA (geometric mean titers (SD), 238 Ϯ 1.73 and 448 Ϯ 3.12, respectively), but even after 14 mo of age, none of the mice produced Tg-encoded, IgM a anti-DNA (not shown). Conventional 3⌯9--V8-and Tg 3⌯9-BWF 1 mice were autoimmune because most of the sera assayed from 3⌯9--V8-and 3⌯9-Tg BWF 1 mice had IgG ANA with nucleolar and/or speckled nuclear staining patterns on Hep-2 cells (Fig. 2 and Table  II) . Knock-in 3H9R-V4R and 3H9R Tg BWF 1 mice, in contrast, developed autoimmune IgM and IgG anti-DNA and a homogeneous ANA (Fig. 2 and not shown) similarly to non-Tg littermate BWF 1 mice (Fig. 3, B and D (Fig. 1, B and D) and knock-in L chain only V4R Tg BWF 1 mice (Fig. 3, B and D) had serum IgM and IgG anti-DNA titers similar to those in Tg Ϫ littermates ( p Ͼ 0.05).
Anergy in IgM aϩ B cells in conventional 3⌯9-and knock-in 3H9R but not V H NP-conventional Tg BWF 1
There was no significant difference in total serum IgM and total serum IgG among conventional 3⌯9--V8-Tg BWF 1 (Fig. 6) . The narrow range of reduced surface IgM a expression on B cells from 3H9--V 8-Tg BWF 1 would be consistent with expression of a monospecific, self-reactive receptor on the majority of B cells (Fig. 5Bb) . These results also suggest that relatively few of the 3H9--V 8-B cells were able to eliminate or edit the DNA reactivity of the 3H9--V 8-Tg receptor. Most splenic B cells from V H NP--V 8-Tg BWF 1 mice expressed relatively high levels of Tg-encoded surface IgM a , consistent with expression of a monospecific, nonautoreactive receptor (Fig. 7Bc) . Unlike B cells from 3H9--V 8-Tg BWF 1 mice (Fig. 5Bd) (Fig. 9Bc) . The b subpopulation of splenic IgM a B cells in 3H9R-V4R, 3H9R, and 3H9-Tg BWF 1 mice had surface IgM a expression similar to that for splenic B cells from 3H9--V 8-Tg BWF 1 mice and 2-to 3-fold less than that for B cells from V H NP--V 8-Tg BWF 1 mice (Fig. 7Bb vs Figs.  8b and 9Bb) . Surface IgM a expression on the "a" subpopulation of splenic B cells in 3H9R-V4R, 3H9R, and 3H9-Tg BWF 1 was from endogenous V gene rearrangements rather than the V H 3H9-Tg. In contrast, much of the serum IgM and most of the IgM anti-DNA produced in the site-directed Tg BWF 1 mice were products of the 3H9R Tg. We expect that the IgG produced in sitedirected 3H9R Tg BWF 1 mice was also encoded by the 3H9R Tg. Several functional differences between the conventional 3H9-and the knock-in 3H9R Tgs could contribute to the phenotypic differences between 3H9-and 3H9R Tg BWF 1 mice and the respective 3H9--V 8-and 3H9R-V 4R double Tg BWF 1 mice. 1) The 3H9R and V 4R Tgs can be edited (22, 26) ; however, the 3H9-and V 8-Tgs cannot. 2) Mature IgM a B cells in 3H9R, but not 3H9-BWF 1 , express surface IgD. 3) Mature IgM a B cells in 3H9R but not 3H9-BWF 1 mice can switch the Tg V H 3H9 to IgG or other constant regions. The potential for both 3H9R and V 4R to be edited may explain to some extent why the knock-in Tg BWF 1 mice had higher levels of serum IgM a than those detected in the sera of conventional Tg BWF 1 mice. The difference in editing potential between conventional and site-directed Tgs is less likely to explain why 3H9R Tg BWF 1 mice produce IgM a , including IgM a anti-DNA, but 3H9-Tg BWF 1 mice did not. The Tg H chains in both 3H9-and 3H9R Tg B cells could be paired with any L chain, and surface IgM a expression was similar on B cells from 3H9-and 3H9R Tg BWF 1 mice. These results suggest that the difference in production of Tg-encoded IgM a and IgM a anti-DNA between 3H9-and 3H9R Tg BWF 1 mice was more likely determined by the potential for activation than by susceptibility to induction of anergy, particularly for IgM a B cells in the c subpopulation (Fig. 8) . Potential Ags for IgM a B cells should be no different between 3H9-and 3H9R Tg BWF 1 mice; however, IgM a B cells in 3H9R but not 3H9-Tg BWF 1 mice expressed IgD and could switch V H 3H9 or a different V H generated by editing on the Tg allele to IgG or other constant regions. Recently reported results have indicated that IgD may be important for B cell activation and germinal center formation (37, 38) . Likewise, signaling through B cell surface IgG is more effective for signaling activation, and consequently, the induction of more clonal expansion than signaling through IgM (39) . An inability to class switch should not prevent activation to IgM production, however, and does not explain why 3H9-Tg BWF 1 The results from studies of BWF 1 mice Tg for the conventional 3-32-anti-DNA H chain are consistent with the results and conclusion described above for 3H9-(31). 3-32-BWF 1 mice also had very low serum levels of Tg-encoded IgM a and IgM a anti-DNA titers no higher than those detected in normal BALB/c mice. The 3-32-Tg also did not include C ␦ and could not be switched to C ␥ . B cells in R4A-␥2b conventional Tg BWF 1 , in contrast, were not anergic and produced Tg-encoded serum anti-DNA at higher titers than in normal, non-Tg BWF 1 mice (30) . Although it is not clear why expression of the R4A-␥2b Tg in BWF 1 mice would have a different influence on B cell development and activation than 3H9-or 3-32-, the effect may be due to the effects of expression of C ␥ vs C during B cell development (40) . The more effective activation signaling through C ␥ (39) noted above may determine the difference in anti-DNA production from the R4A-␥2b vs 3H9-or 3-32-Tgs. Alternatively, differences in specificity between R4A-␥2b and 3H9--or 3-32--encoded Abs could have contributed to differences in B cell development and activation in R4A-␥2b vs 3H9-or 3-32-Tg BWF 1 mice. BWF 1 mice Tg for the D42 anti-DNA V H knock-in Tg (32) had a phenotype similar to that of 3H9R-V 4R and 3H9R knock-in Tg BWF 1 mice. D42 V H knock-in BWF 1 mice produced anti-DNA encoded by the Tg. The D42 V H knock-in Tg could be expressed with C ␦ and isotype switched to C ␥ or other C H similarly to the 3H9R knock-in Tg. 3H9-and V H NP-Tg BWF 1 mice are similar in many respects to 2-12H Tg C.B-17 mice (41) although C.B-17 mice are not autoimmune prone. The 2-12H Tg is a conventional , anti-Sm Tg H chain. 2-12H Tg mice produce very little Tg serum IgM, whether specific for Sm or not, even though 2-12H expressing B cells seem to be fully functional. In 2-12H Tg mice in which B cell receptor signaling was enhanced by a human CD19 Tg, serum IgM production was restored to levels greater than that in normal, non-Tg mice (42) . The absence of 2-12H Tgencoded Ab is thought to be due to clonal ignorance and differentiation of 2-12H Tg B cells to B-1 which have a higher signaling threshold for activation.
Because (43) . Secreted IgM from hybridomas that expressed both 3H9-and from an endogenous allele either did not bind to DNA or did so with an ANA pattern different from 3H9. The relatively small amount of IgM a detected in sera of 3H9--V 8-and 3H9-Tg BWF 1 (16, 18) . When nonautoimmune-prone mice were made Tg for production of soluble lysozyme (hen egg lysozyme; HEL) and IgM and IgD that bind lysozyme with high affinity (HEL-Ig), B cells in the double-Tg mice were anergic (18) . HEL-specific B cells in mice Tg for HEL and for the same high affinity anti-HEL as a knock-in V H with the conventional V L were also anergic (47) . Anergy of HEL-specific B cells was dependent on the presence of soluble HEL, and as long as soluble HEL was present, T cell help could not stimulate B cell differentiation to Ab production (48) . HEL-specific B cells were excluded from follicles in HEL-Tg mice (49) . The greatly increased percentage of B cells with reduced IgM a expression in the bone marrow of conventional 3H9-and knock-in 3H9R Tg BWF 1 mice, with or without V 8-or V 4R, respectively, indicates that immature, DNA-specific B cells must have encountered relevant Ag in the bone marrow and were developmentally arrested. DNA-specific B cells were also developmentally arrested in 3H9-Tg BALB/c and MRL ϩ/ϩ mice (19, 50) , and like 3H9-Tg BWF 1 mice, the developmental arrest was sustained in the periphery. Developmental arrest of DNA-reactive B cells was not sustained in 3H9-Tg MRL lpr/lpr (50) and BALB/c lpr/lpr (51) mice. When anergic, DNA-specific B cells in 3H9-Tg BALB/c mice were provided a source of T cell help, the developmentally arrested, DNA-specific B cells not only entered follicles but were also activated to produce anti-DNA Ab (51) . Follicular inclusion of DNA-reactive B cells and anti-DNA autoantibody production in 3H9-Tg MRL lpr/lpr (50) and BALB/c lpr/lpr (52) mice were also Th cell dependent (51) . When CD4 ϩ CD25 ϩ T-regulatory cells were provided along with Th cells, DNA-specific B cells were still follicularly included but did not differentiate to anti-DNA Ab-producing cells. Even though anergic B cells may affect the development of activated Th cells in BWF 1 mice (53), reduced T cell help or a difference in CD4 ϩ CD25 ϩ T-regulatory cells seems unlikely to account for the difference in IgM a B cell activation between 3H9-and 3H9R Tg BWF 1 mice. 3H9-and 3H9R Tg BWF 1 had similar percentages of anergic B cells and similar total serum IgG, and both 3H9-and 3H9--V 8-⌻g BWF 1 mice produced IgG ANA. What is unknown at present is whether 3H9-and 3H9R Tg B cells differ in their potential for Ag presentation to Th cells. Experiments are under way to determine whether anti-DNA B cells in 3H9-and 3H9R Tg BWF 1 mice are follicularly included and how 3H9-and 3H9R Tg B cells may differ in their ability to present Ag to Th cells and respond to T cell help.
In the end, tolerance to DNA in 3H9-and 3H9--V 8-Tg BWF 1 mice must be due to the inability of the autoimmune stimulation normally present in the lymphoid periphery of BWF 1 mice to achieve the threshold of activation needed to overcome the developmental arrest imposed on 3H9-Tg-expressing B cells in the bone marrow. A combination of factors including but not limited to the specificity of 3H9, the inability of 3H9-and V 8-to be edited, the lack of IgD on B cells expressing only IgM a , the inability of 3H9-to be isotype switched, and reduced T cell help as a result of the large number of anergic, DNA-specific B cells may contribute to the sustained B cell tolerance for DNA in conventional Tg 3H9-and 3H9--V 8-BWF 1 . Unlike self-reactive B cells in transgenic, non-autoimmune-prone mice that remain tolerant to self Ag, DNA-reactive B cells in 3H9R and 3H9R-V 4R Tg BWF 1 mice can be activated to overcome the anergy imposed on them during development and produce autoantibody.
